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 Abstract—To analyze a homogeneous weakly coupled 
multicore fiber (WC-MCF) based transmission system via 
simulation, we propose an efficient (fast and accurate) WC-MCF’s 
channel model, which can describe the propagation effects 
including attenuation, walk-off, chromatic dispersion, self-phase 
modulation (SPM), and especially the frequency-dependent 
inter-core crosstalk (XT). We speed up the simulation with two 
orders of magnitude by simplifying the XT’s calculation. On one 
hand, the calculation step size can be greatly increased by utilizing 
a new XT’s coupling matrix. On the other hand, the calculation of 
XT can be further accelerated by down-sampling XT’s coupling 
matrix in frequency domain. The XT power and average 
occurrence distance should be set manually based on the existing 
XT model to describe the frequency-dependent XT the same as a 
real WC-MCF. We numerically and experimentally observed that 
XT’s de-correlation bandwidth decreases with relative time delay 
(RTD) by fractional linear function. The range of validity of the 
proposed channel model is also discussed with different walk-off 
and coupling strength. We believe the proposed efficient channel 
model can provide great help for analysis and optimization of 
homogeneous WC-MCF based optical communication systems. 
 
Index Terms—Channel models, numerical simulation, crosstalk, 
optical fibers.  
 
I. INTRODUCTION 
s a kind of realization of space division multiplexing (SDM) 
technology, multicore fiber (MCF) has been widely used in 
various communication scenarios in recent years to enhance 
transmission capacity [1]-[3]. MCF can be roughly classified 
into weakly-coupled multicore fiber (WC-MCF) [4]-[9] and 
strongly-coupled multicore fiber (SC-MCF) [10]-[14]. 
SC-MCF is more advantageous in long-haul transmission 
scenarios because of its better nonlinear tolerance. However, 
the crosstalk (XT) in SC-MCF between different cores must be 
mitigated by complex digital signal processing algorithms, such 
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as multiple-input and multiple-output (MIMO) techniques [14]. 
On the contrary, due to low XT in WC-MCF, it is not necessary 
to mitigate the XT impacts via complex MIMO. Therefore, for 
cost-sensitive scenarios, such as inter-data center optical 
interconnect [15], optical access network [16], [17] and front 
haul for 5G [18], [19], WC-MCF is more competitive compared 
with SC-MCF.  
To optimize the WC-MCF based transmission systems, one 
of the most meaningful issues is to investigate the XT penalty. 
Based on this, the WC-MCF can be carefully designed to meet 
the maximum acceptable threshold of XT. Therefore, several 
experiments have been conducted in recent years. For example, 
in [6], the authors concluded that 1-dB signal-to-noise (SNR) 
penalty at a bit-error ratio of 10-3 from XT is -18 dB, -24 dB, and 
-32 dB for QPSK, 16-QAM, and 64-QAM, respectively. In [20], 
the authors investigated the performance fluctuation of an 
adaptive DD-OFDM MCF link affected by XT. In order not to 
be limited to specific experimental conditions, several 
WC-MCF’s channel models have been proposed to analyze the 
XT impacts on transmission systems [14], [21]-[26].  
These channel models are always based on the nonlinear 
Schrodinger equations (NLSEs) with coupling terms added to 
describe XT. Usually, there are two strategies to solve the 
NLSEs. The first strategy is to use small calculation step size 
(such as 1.0 μm to 1.0 mm) to solve NLSEs as accurately as 
possible based on the equivalent refractive index (ERI) model 
[14], [21], [22]. Based on this strategy, the evolution of XT at 
each phase-matching point (PMP) can be well described. 
Therefore, this strategy has high calculation accuracy. But it is 
too time consuming to cover the transmission distance with tens 
of kilometers or even longer. Moreover, the calculation step size 
cannot be set larger which is limited by the accurate calculation 
of the ERI model. The second strategy is to use large calculation 
step size (such as 100.0 m to 1.0 km), but it needs to ignore 
some characteristics of XT to simplify calculation and decrease 
simulation time [23]-[25]. Usually, XT is calculated only once 
in each calculation step size (such as 100.0 m) modeled as signal 
copies with random phase shift. Namely, it is assumed that there 
is only one PMP within a large calculation step size. However, 
the second strategy cannot truly describe the nature of XT in 
time domain or in frequency domain, which will be further 
proved in this paper. Thus, it is necessary and meaningful to 
build an efficient (fast and accurate) channel model for 
WC-MCF which describes XT accurately and has small 
computational effort.  
It should be noted that to describe XT accurately in 
WC-MCF’ channel model, the XT related parameters should 
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first be calculated from the existing XT models, such as the XT 
average power with specific fiber properties (core refractive 
index profile, core pitch) or under specific external conditions 
(bending, twisting) [27]-[31]. It also should be noted that the 
time-dependent XT in each simulation has always not been 
considered, because the decorrelation time of the short term 
average crosstalk (STAXT) is about several minutes which is 
much higher than a typical time window of simulation (2.3 
microseconds for 216 symbols with 28 Gbaud) [30].  
In our previous work [26], the transmission performance of 
100 Gbps PDM-QPSK signals was numerically investigated 
based on a simple MCF’s channel model (Fig. 2 in [26]). 
However, the de-correlation bandwidth needs to be set manually. 
Therefore, in [8] and [9], we observed the relationship between 
de-correlation bandwidth and relative time delay. Further, based 
on it, we built a new WC-MCF’s channel model. But the 
calculation step size cannot be higher than several meters to 
describe XT at each PMP, which means it is too time 
consuming. 
In this paper, we propose an efficient (fast and accurate) 
channel model for homogeneous WC-MCF, which describes the 
frequency-dependent crosstalk (XT) almost the same as a real 
WC-MCF. Firstly, detailed description about the proposed 
WC-MCF’s channel model is introduced. Secondly, the channel 
model is validated via experimental results. Finally, the scope of 
validation of the proposed WC-MCF’s channel model is 
discussed with different coupling strength. We believe the 
proposed efficient channel model can provide great help for 
analysis and optimization for homogeneous WC-MCF based 
optical communication systems. 
 
II. EFFICIENT CHANNEL MODEL FOR HOMOGENEOUS WC-MCF 
It can be assumed that there are only two cores (Core A and 
Core B) in homogeneous WC-MCF. The XT caused by multiple 
interfering cores will not be discussed in this paper to focus on 
the principle description of the proposed channel model. When 
there is no XT between Core A and Core B, the optical signals in 
each core can be well described by the NLSE shown as (1), 
without the rightest term which describes the coupling between 
cores [32]. z and t  represent longitudinal coordinate and time, 
respectively. There are two individual polarization states ( x  
and y ) for both Core A and Core B, in which the electric field 
component can be represented as ,,A Bx yE  . These polarization 
components correspond to the principal axes of polarization in 
each fiber section. For example, ByE  represents the electric field 
component of polarization state y in Core B. The NLSE 
contains a differential operator Dˆ and a nonlinear operator Nˆ . 
The differential operator Dˆ describes the propagation effects 
represented as (2), such as polarization mode dispersion 1 ,x y   
(PMD), walk-off ,A Bg  , chromatic dispersion 2  (CD), 
dispersion slope 3  and attenuation  . It should be noted that 
the PMD is modeled by coarse-step method which is applied in 
[26], [33]. The values of 1,x  and 1, y  of current scattering 
section ,scatt iz  are defined as (3). And scattz is randomly selected 
from a Gaussian distribution with mean and standard deviation 
set by the parameters mean step size scatt  and step size 
deviation scatt  shown as (4). The walk-off describes 
differential group velocity between Core A and Core B [34]. It 
will cause small relative time delay (RTD) between cores after 
transmission, which can be also referred to as the inter-core 
skew [7] represented as (5), where L  represents the 
transmission distance. ,A Bg  represents the group velocity in a 
specific core when PMD is not considered. At last, the nonlinear 
operator Nˆ  can be represented as (6) assuming complete 
polarization mixing, in which   is the nonlinearity coefficient 
[32]. 
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Based on the modified coupled mode theory (CMT) for MCF 
with step-index profile, it has been proved that, no matter the 
XT is weak or strong, the transmission effects can be modeled 
as (1) with the rightest term added [35]. However, the (5) in [35] 
is only focused on the continuous wave with single carrier 
frequency. When there are multiple optical frequencies, the 
mismatch of propagation constant between cores can be 
extended as (7). The accumulated phase mismatch z  of 
different optical frequencies are different, which can be caused 
by walk-off and the difference of chromatic dispersion in 
different cores. 0  and   represent reference optical radian 
frequency and radian frequency deviation, respectively. 
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As mentioned above, there are two strategies to solve (1). The 
first strategy is to choose small calculation step size (such as 1.0 
μm to 1.0 mm) [14], [30], [31]. However, for a real transmission 
system, the fiber length could reach several kilometers to 
hundreds of kilometers. Therefore, it is very time consuming if 
we choose small calculation step size. The second strategy is to 
choose large calculation step size (such as 100.0 m to 1000.0 m). 
Usually, the split-step Fourier method is chosen to accelerate 
calculation shown as (8) [27], [28]. h  is the calculation step 
size, and the total fiber length can be represented as L Mh . 
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Fig. 1 demonstrates the solution process of the proposed 
homogeneous WC-MCF’s channel model with two cores taking 
into consideration. Firstly, the linear propagation effects of two 
electric field components in both Core A and Core B are 
calculated independently in each calculation step size h as 
shown as the first color block of the bottom of Fig. 1. For 
example, the first row describes the attenuation A , the 
difference group velocity between polarization states 1
A
x , the 
walk-off Ag , chromatic dispersion 2 and dispersion slope 3  
for polarization state x in Core A. We assume the attenuation, 
walk-off, chromatic dispersion, and dispersion slope are the 
same for both polarization states. However, it also can be set 
independently if necessary.  
Secondly, a coupling matrix is used to model the XT between 
cores shown as the second color block. The XT is assumed only 
occurs in the same polarization state between Core A and Core 
B in each calculation step size, and two polarizations’ XT are 
independent with each other because of slight difference of 
propagation constant between different polarization states.  
Thirdly, the polarization random coupling is calculated using 
another rotation matrix based on the coarse-step method which 
is applied in [21], [33] shown as the third color block. For 
example, (9) shows the rotation matrix for random coupling of 
polarizations in Core A where   is the random rotation of axes 
and   is the random phase difference between two orthogonal 
polarization electric fields.  ,E z  is the Fourier-transform of 
optical signal  ,E z t , where  is the frequency in the Fourier 
domain. Therefore,   in (7) is equal to 0  . We assume 
that the polarization random coupling between cores are 
independent with each other. At last, the nonlinear effects in 
each core can be conducted assuming there is full mixing 
between different polarization states. 
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It should be noted that the calculation of the differential 
operator Dˆ  and the nonlinear operator Nˆ are conducted in 
frequency-domain and time-domain, respectively [36]. The 
calculation of XT and random coupling between two 
polarizations are conducted in frequency-domain [8]. The 
calculation of polarization random coupling needs to be 
arranged after the calculation of XT to avoid phase change 
induced by polarization random coupling. 
In [14], after transmission within one small calculation step 
size of 1.0 mm, the accumulated XT in one step size can be 
calculated using (10). Here, taking the electric field component 
xE  as an example, 11 22 1R R   and 12 0R   are for negligible 
XT, and 12R  is a real value ranging from 0.0 to 1.0 depending 
on the XT strength. However, the coupling matrix has two 
deficiencies. The first is the total energy of output optical pulses 
after XT calculation is not rigorous equal to that of input optical 
pulses. The second is the calculation step size cannot be set 
larger (such as 100.0 m) due to the calculation of the ERI model, 
which means it is too time consuming for long distance 
simulation (such as 10.0 km to 100.0 km). 
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Therefore, the problem is how to describe XT accurately with 
only once calculation within a large calculation step size. To 
solve this problem, we introduce a similar coupling matrix as 
(11). The main diagonal elements 11R  and 12R  in (10) are 
retained with real values. It means the power coupling from 
Core A to Core B is assumed to only affect the electric field 
amplitude in Core A without affecting its phase due to low XT 
in WC-MCF. However, the values of 11R  and 12R  cannot be set 
1.0 to ensure rigorous conservation of energy after XT 
calculation. 
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On the other hand, it has been verified that the XT ( 12R  in 
(10)) should be a complex value in a real homogeneous 
WC-MCF after several PMPs [4], [5]. In [34], the XT 
expression at longitudinal coordinate kz  has been obtained as 
(12). K  represents mean coupling strength which has been 
discussed in [5].  ,x kz h    represents the phase mismatch 
in one calculation step size induced by propagation constant 
mismatch, which can be obtained by using (13) based on the 
phase transfer function (PTF) proposed in [8]. 
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The PTF of electric field component xE  in Core A and Core 
B can be represented as (14). The angle  means the electrical 
field phase of each optical frequency. 
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Based on the modified coupled mode theory and the ERI 
model [4], [5], when the homogeneous WC-MCF is twisted with 
0.5 round/m, there should exist about 100 PMPs in one 
calculation step size h  of 100.0 m. Therefore, it can be 
assumed that the average occurrence distance of XT xth  is 1.0 
m. The subscript k  in (12) ranges from 1 to N , which can be 
 
Fig. 1.  Solution process for homogeneous WC-MCF’s channel model. 
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obtained by xtN h h . For each kh , it can be randomly 
selected within [0,h] according to the uniform distribution. 
 rndx kz h   is also assumed uniformly distributed within 
[0,2  ] which is caused by the mismatch of 0  in (7) with 
random twisting and bending. If necessary, to model the 
time-dependent XT, each random phase could be assumed 
stationary and modeled by independent Brownian motions [30]. 
After the calculation of 12C using (12)-(14),  the values of  
21C , 11R  and 22R  can be solved as (15), (16), respectively, based 
on the conservation of energy for arbitrary input signals 
represented as (17). The conj  represents complex conjugation 
function. 
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As shown in Table 1, we assume that the two cores in 
homogeneous WC-MCF have the identical attenuation, CD, 
dispersion slope and PMD level. An optical pulse can be 
injected into Core A with polarization state x . The bandwidth 
of optical pulse is 50.0 GHz with up-sampled by 16 times [9]. 
The target XT power is set manually by solving the coupling 
strength based on [5]. Because the time window of the 
simulation is about 163.8 ns (symbol number/symbol rate), 
which is far smaller than the decorrelation time (few minutes) 
[37], it is reasonable to assume that the frequency-dependent 
XT remains constant in the time window. In addition, the 
performance fluctuation caused by time-dependent XT could be 
investigated by running the simulation with numerous times. 
 
Based on CPU Intel i5-6500 and MATLAB 2017a, the 
simulation was repeated 10 times to get the average simulation 
time. When the WC-MCF’s channel model in [9] is applied, the 
maximum calculation step size h  can only be set to 1.0 m with 
twisting speed of 0.5 round/m. As shown in Fig. 2(a), the 
average simulation time is 2559.3 seconds. However, when the 
proposed new WC-MCF’s channel model is applied, the 
maximum calculation step size h  can be set to 100.0 m or 
larger. As shown in Fig. 2(b), the average simulation time is 
reduced significantly to 147.8 seconds due to large calculation 
step size of 100.0 m without down-sampling. However, we can 
also observe that the calculation of XT ((12)-(14)) takes about 
93% (137.3 s/147.8 s) of the simulation time based on the 
proposed new channel model. Thus it is necessary to continually 
reduce the simulation time of XT’s calculation.  
Focused on this purpose, a new strategy to accelerate 
calculation is proposed, which is to down-sample the XT’s 
coupling matrix (represented as (11)) in frequency-domain with 
down-sampling ratio xtR . The details of the strategy are as 
followed. After the calculation of the differential operator Dˆ  in 
each calculation step, the PTF of two electric field components 
in two cores can be obtained by using (14). Because the signals 
are now described in frequency-domain, the PTF can be directly 
down-sampled in frequency-domain with down-sampling ratio 
xtR . Then,  12C   can be obtained by using (13) and (14) 
based on down-sampled PTF. Lastly,  12C    needs to be 
up-sampled by spline method [36] with up-sampling ratio 1 xtR  
to guarantee the calculation accuracy. 
 
The relative errors were calculated to investigate the effects 
caused by down-sampling. The relative error relaErr  can be 
represented as (18) and (19) where T  and L  represent the time 
window (symbol ratesymbol number) and transmission 
distance, respectively. To ensure the relative error is only 
caused by down-sampling in frequency-domain, all the values 
of random parameters were generated all the same with different 
down-sampling ratios, such as scattz  in (4),   and   in (9), kh  
and rndx  in (13). Based on this method, the relative error can be 
obtained with just single simulation, rather than repeating 10 
times. Fig. 3(a) shows the relative error relaErr  under three 
different walk-off conditions (0.1 ps/m, 1.0 ps/m and 10.0 ps/m). 
We can observe that the relative error will increase with 
down-sampling ratio. Further, under the same down-sampling 
ratio, the relative error will increase significantly with the 
increasing of walk-off. 
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TABLE I 
PARAMETERS USED IN SIMULATION 
Parameters Values 
Reference optical frequency 193.12 THz 
Symbol rate 50.0 GBaud 
Symbol number 213 
Sample per symbol 24 
Fiber length L   20.0 km 
Calculation step size h   100.0 m 
Attenuation    0.23 dB/km 
Walk-off 1.010-12  s/m 
Chromatic dispersion CD 16.710-16  s/m2 
Dispersion slope 0.08103  s/m3 
Nonlinear index 2n   2.610-20
2m W  
Effective core area 80.010-12 m2 
Polarization mode dispersion PMD 0.110-12 s km   
Mean step size of PMD scatt   100.0 m 
Step size deviation of PMD scatt   10.0 m 
Target XT power XT   -11.1 dB/100 km 
Average occurrence distance of XT xth   1.0 m 
Down-sampling ratio of XT xtR   64 
 
 
Fig. 2.  (a) Simulation time with calculation step size of 1.0 m. (b) Simulation 
time of different down-sampling ratios with calculation step size of 100.0 m. 
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Further discussions about the down-sampling ratio were 
conducted in different situations. XT power, transmission 
length and calculation step size should be the three parameters 
quite different with those in Table 1 in a real homogeneous 
WC-MCF link, besides the walk-off. Here we set the 
down-sampling ratio to 64 to investigate the scope of validity of 
the channel model. As shown in Fig. 3(b) and 3(c), the relative 
error of XT will not change with different XT powers ranging 
from -55 dB/20 km to -10 dB/20 km or with transmission 
lengths ranging from 5.0 km to 40.0 km. Fig. 3(d) shows that the 
relative error will decrease with calculation step size. Therefore, 
it is indicated that small calculation step size and 
down-sampling ratio should be chosen when there is large 
walk-off to guarantee accuracy. The reason is large walk-off and 
transmission distance will introduce more serious 
frequency-dependent characteristics of XT, which means the 
sampling ratio in frequency domain should be higher or 
down-sampling ratio should be smaller. 
 
In a real homogeneous WC-MCF, the maximum walk-off 
between cores is less than 0.5 ps/m in [38] and 1.3 ps/m in [9]. 
Therefore, it can be assumed that the largest walk-off in most of 
the homogeneous WC-MCF is about 1.0 ps/m. In Fig. 3(a), we 
can observe that the relative error is about 10-9 if the 
down-sampling ratio xtR  is 64 with walk-off of 1.0 ps/m. 
Therefore, the down-sampling ratio 64xtR   should be a 
reasonable ratio to speed up simulation time with acceptable 
accuracy guaranteed for most of the real homogeneous 
WC-MCF. 
III. SIMULATION RESULTS OF RTD’S IMPACT ON XT 
To validate whether the proposed homogeneous WC-MCF’s 
channel model can accurately describe the frequency-dependent 
XT, we need to investigate the de-correlation bandwidth of XT 
under different conditions. From now on, it has been proved that 
the frequency-dependent XT is mainly caused by the 
frequency-dependent phase mismatch at each PMP [8], [34].  
From (7), it is indicated that the frequency dependent phase 
mismatch could be caused by 1 , 2 , and 3 , 
corresponding to walk-off, the difference of chromatic 
dispersion, and the difference of dispersion slope, respectively, 
which can be represented as (20). Therefore, it is necessary to 
discuss the impacts of walk-off on XT. 
 
1 1 1
2 2 2
3 3 3
= =1 1
=
=
B A B A
g g
B A
B A
    
  
  
  
 
 
  (20) 
An optical pulse was injected into Core A with polarization 
state x  the same as above. The transmission distance and 
walk-off are 3.0 km and 0.1 ps/m, respectively, with other 
parameters the same as Table 1. In Core B, the output XT pulse 
in time-domain timeXT  after transmission can be represented as 
(21). 
      
2 2
, , ,B Btime x yXT L t E L t E L t    (21) 
 
As shown in Fig. 4(a), the pulse width of accumulated XT in 
Core B after transmitted 3.0 km is about 0.3 ns. Fig. 4(b) also 
shows the output pulse in Core A and Core B after transmitted 
3.0 km with walk-off of 1.35 ps/m. The XT’s pulse width in 
Core B is about 4.0 ns. We can conclude that the simulation 
pulse widths are consistent with the target RTD 
(walk-offtransmission distance). In addition, due to the large 
RTD, the maximum XT power decreases obviously because the 
XT with the same energy needs to be distributed within larger 
time ranges. 
 
Fig. 5(a) and 5(b) demonstrate the corresponding XT 
spectrums in Fig. 4(a) and 4(b), respectively. The freXT  in 
frequency-domain  can be represented as (22). As shown in Fig. 
5(b), the XT with larger walk-off has more serious 
frequency-dependent characteristics, which indicates the XT’s 
de-correlation bandwidth will decrease with walk-off. 
  
   
 
2 2
2
, ,
,
0,
B B
x y
fre
A
x
E L E L
XT L
E
 



   (22) 
To figure out the relationship between XT’s de-correlation 
bandwidth and walk-off, we sweep the walk-off from 0.1 ps/m 
to 1.5 ps/m with transmission distance of 3.0 km and 4.0 km. All 
the simulations were run 100 times to obtain the XT’s statistical 
 
Fig. 3.  Simulation error of different sweeping parameters: (a) down-sampling 
ratio, (b) XT power, (c) transmission distance, and (d) calculation step size. 
 
 
Fig. 4.  (a) Simulated output pulse in two cores with walk-off of 0.1 ps/m. (b) 
Simulated output pulse in two cores with walk-off of 1.35 ps/m. 
 
Fig. 5.  (a) Simulated XT spectrum with walk-off of 0.1 ps/m. (b) Simulated 
XT spectrum with walk-off of 1.35 ps/m. 
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characteristics with other parameters the same as Table 1. The 
de-correlation bandwidth (half width at 1 dB) can be calculated 
from the autocorrelation function of XT spectrum which is 
represented as (22) [39]. As shown in Fig. 6, the average 
de-correlation bandwidth is well fitted with RTD 
(walk-offtransmission distance) by fractional linear function. 
In addition, the large fluctuation of de-correlation bandwidth 
under small RTD should be caused by limited frequency range 
50.0  GHz and large de-correlation bandwidth. 
 
In the introduction, we mentioned that for the second strategy, 
it cannot truly describe the frequency-dependent XT if the XT is 
calculated only once in each step size when the step size is large, 
such as 100.0 m. To prove this statement, we can model the XT 
equivalently by using (11) with xth  of 100.0 m according to the 
second strategy, which means there is only one PMP within each 
calculation step size. The calculation step size and transmission 
distance are 100.0 m and 3.0 km, respectively. The walk-off is 
1.35 ps/m with other parameters are the same as Table 1. Fig. 
7(a) shows the simulated XT pulse. Because the XT is 
calculated only once in each step size, even if the XT is treated 
as random signals, the XT pulse still appears significant 
periodicity. Fig. 7(b) shows the corresponding XT spectrum. 
The XT’s spectrum also appears significantly periodicity, which 
is obviously different from the XT spectrum in Fig. 5(b) and 
also different from the XT spectrum measured in a real 
homogeneous WC-MCF. These results indicate that the average 
occurrence distance will greatly affect the characteristics of XT 
itself. 
 
IV. EXPERIMENTAL MEASUREMENTS OF RTD’S IMPACT ON XT 
To verify the simulation results calculated by the proposed 
homogeneous WC-MCF’s channel model, the frequency 
dependent characteristics of XT are measured for our fabricated 
homogeneous 7-core WC-MCF. The average core pitch and 
cladding diameter are 41.1 μm and 150.0 μm, respectively. The 
XT power level is about -11.1 dB/100 km calculated by [5] 
assuming bending radius and twisting speed of 105.0 mm and 
0.5 round/m, respectively. The measured optical parameters are 
shown as Table 2.  
To measure the RTD between different cores, the 7-core 
WC-MCF was spliced with a pair of fan-in/fan-out devices [40]. 
One optical pulse was injected into one core, and then detected 
using photo diode (PD) which was being sampled by digital 
sampling oscilloscope (DSO) LabMaster 10Zi-A. The sample 
rate of DSO is 80 GSa/s, which means the measurement 
accuracy of time is 12.5 ps. Each core’s RTD caused by 
fan-in/fan-out has been measured to make sure the RTD is only 
caused by the WC-MCF itself. Table 3 shows the measured 
RTD of two spools of fabricated WC-MCF with different 
lengths, 3.0 km (Fiber A) and 4.0 km (Fiber B). The center core 
(Core 1) is chosen as the reference channel. It can be observed 
that even if the two spools of MCF are from the same fiber 
preform but their RTD characteristics are different. 
 
XT spectrum was also measured based on the sweeping 
wavelength method with optical wavelength changing from 
1549.5 nm to 1550.5 nm [41]. Fig. 8(a) shows the measured XT 
spectrum from Core 2 to Core 3 in Fiber A with unit changing 
from wavelength (pm) to frequency (GHz). Fig. 8(b) shows the 
measured XT spectrum from Core 1 to Core 6 in Fiber A. The 
walk-off between Core 2 and Core 3 is 0.1 ps/m and the walk-off 
between Core 1 and Core 6 is 1.35 ps/m. Comparing Fig. 8 with 
Fig. 5, we can conclude that the simulation results are very 
similar to the experimental measurements. 
 
Fig. 6.  Evolution of XT’s de-correlation bandwidth with RTD based on the 
WC-MCF’s channel model. 
 
Fig. 7.  Simulation using the second strategy with walk-off and calculation 
step size of 1.35 ps/m and 100.0 m, respectively. (a) Simulated output pulse in 
two cores. (b) The XT spectrum of the simulated XT output pulse. 
TABLE II 
OPTICAL PROPERTIES OF FABRICATED HOMOGENEOUS 7-CORE WC-MCF 
 Attenuation 
( dB km ) 
PMD 
( ps km ) 
CD 
( ps nm km ) 
Core 1 0.245 0.19 16.547 
Core 2 0.253 0.07 16.637 
Core 3 0.237 0.03 16.816 
Core 4 0.237 0.07 16.751 
Core 5 0.229 0.05 16.827 
Core 6 0.241 0.07 16.808 
Core 7 0.238 0.08 16.738 
 TABLE III 
MEASURED RTD FOR EACH CORE 
 Fiber A (3.0 km) Fiber B (4.0 km) 
Core 1 0.0 0.0 
Core 2 1.5500 3.9750 
Core 3 1.8500 2.2875 
Core 4 1.0750 -1.3625 
Core 5 3.7500 3.6625 
Core 6 4.0500 2.4375 
Core 7 2.1000 3.0125 
* The unit of RTD is nanosecond (ns). 
 
 
Fig. 8.  (a) Measured XT spectrum with RTD of 0.3 ns (walk-off of 0.1 ps/m). 
(b) Measured XT spectrum with RTD of 4.05 ns (walk-off of 1.35 ps/m). 
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Further, for each spool of homogeneous 7-core WC-MCF, 
the XT from center core (Core 1) to each outer core (Core 2-7) 
and the XT of each adjacent outer cores were all measured. 
Each inter-core XT was measured twice, such as from Core 1 to 
Core 2 and also from Core 2 to Core 1. As shown in Fig. 9, the 
measured XT’s de-correlation bandwidths of two spools of 
WC-MCF obey the same rule even if their RTD characteristics 
are different. Compared with Fig. 6, we can conclude that the 
fitting parameters calculated by the proposed channel model are 
almost the same as that in a real homogeneous WC-MCF. In 
addition, the results indicate that the frequency-dependent XT is 
dominated by RTD in a real homogeneous WC-MCF. 
 
V. SIMULATION OF CORE PITCH’S IMPACT ON XT 
When the adjacent cores get close to each other, the coupling 
strength between cores will grow stronger. Therefore, the 
signals in different cores will be fully mixed after transmission. 
In [14], Taiji Sakamoto et al defined SC-MCF as MCF with a 
Gaussian-like impulse response. To validate whether the 
propose channel model can accurately describe propagation 
effects for the homogeneous WC-MCF with different coupling 
strength, we swept the core pitch from 25.0 μm to 41.0 μm to 
obtain different coupling strength between cores. The coupling 
strength K  can be calculated based on the method introduced 
in [5] shown as Fig. 10. The optical center frequency, bending 
radius and twisting speed are 193.12 THz, 105.0 mm and 0.5 
round/m, respectively. We assume the core diameter is 10.0 μm. 
The refractive index of core and cladding are 1.4487 and 1.4440, 
respectively. 
 
Here, two identical optical pulses were injected into Core A 
and Core B simultaneously with the same polarization state x  . 
The bandwidth of optical pulse is also 50.0 GHz with 
up-sampled by 16 times. The fiber length, calculation step size 
and walk-off are 3.0 km, 1.0 m and 0.1 ps/m, respectively, with 
other parameters the same as Table 1. Fig. 11(a) shows the 
output pulses of Core A and Core B with core pitch of 41.0 μm. 
Due to ultra-low XT power, the two pulses are separated 0.3 ns 
after transmission. However, when the core pitch is 28.0 μm, 
due to strong coupling between cores, the output pulses will not 
separate with each other as shown in Fig. 11(b), which has been 
investigated and proved in [10, 14]. 
 
Based on the analysis of SC-MCF in [42], the pulse width 
(full width at 10.0 dB) will increase linearly with the square root 
of transmission distance if complete power mixing occurs at 
each PMP. But, for WC-MCF, the pulse width will increase 
linearly with transmission distance. Firstly, two typical core 
pitches were selected for analysis, which are 35.0 μm and 28.0 
μm. The simulation was repeated 100 times to obtain the 
statistical characteristics. The walk-off, fiber length and 
calculation step size are 0.1 ps/m, 4.0 km and 10.0 m, 
respectively. The received optical pulse of direct detection can 
be represented as (23) to measure the impulse response. 
 
     
   
2 2
2 2
, , ,
, ,
A A
x y
B B
x y
I L t E L t E L t
E L t E L t
 
 
  (23) 
As shown in Fig. 12(a), the pulse width will increase linearly 
with transmission distance with core pitch 35.0 μm. The fitted 
result 0.116 ps/m is slightly larger than the walk-off of 0.1 ps/m, 
because CD will also spread optical pulse with 50.0 GHz 
bandwidth. When the core pitch is 28.0 μm, due to strong 
coupling between cores, the evolution of pulse width is very 
close to its in SC-MCF. 
Further, we sweep the core pitch from 25.0 μm to 41.0 μm to 
obtain its relationship to the fitting parameters. Due to strong 
coupling caused by small core pitch, the amplitude of (12) will 
exceed 1.0 in one calculation step size h , which makes (16) 
cannot be solved. Therefore, it is necessary to decrease the 
calculation step size h  with small core pitch. Here, three 
calculation step sizes h  were applied, which are 1.0 m, 10.0 m 
and 100.0 m with simulation repeated 100 times. Fig. 12(b) 
shows the average fitting parameters with different core pitches. 
Based on the above simulation results, we can conclude that the 
coupling strength K  for WC-MCF should be less than 10-2 
corresponding the core pitch about 33.0 μm. Otherwise, the 
MCF should not be treated as weakly-coupled, and the 
simplified coupling matrix (11) may be not suitable for XT 
analysis.  
 
Fig. 9.  Evolution of XT’s de-correlation bandwidth with RTD based on the 
measured results. 
 
Fig. 10.  Coupling strength with different core pitches. 
Fig. 11.  (a) Simulated output pulse in two cores with core pitch 41.0 μm. (b) 
Simulated output pulse in two cores with core pitch 28.0 μm. 
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VI. CONCLUSION 
In this paper, we have proposed an efficient homogeneous 
WC-MCF’s channel model based on the nonlinear Schrodinger 
equations. The XT between cores is modeled by a new coupling 
matrix. Therefore, the simulation speed can be increased with 
large calculation step size of 100.0 m and by down-sampling 
XT’s coupling matrix with 64 times in frequency-domain. The 
down-sampling ratio 64 is reasonable when the walk-off is less 
than 1.0 ps/m. It can be concluded that the frequency-dependent 
characteristics of XT is dominated by relative time delay 
between cores in real homogeneous WC-MCFs. Further, we 
have numerically and experimentally confirmed that the 
de-correlation bandwidth of XT decreases with relative time 
delay by fractional linear function. By analyzing the 
characteristics of impulse response with different coupling 
strength, we pointed out the coupling strength should be less 
than 10-2 for WC-MCF. Otherwise, the XT should be more 
similar to it in a SC-MCF, which may be out of the scope of 
validity of the proposed channel model. Lastly, we believe, 
cooperated with the existing XT models, the proposed channel 
model can be used conveniently to analyze and optimize 
homogeneous WC-MCF based short reach systems, such as 
inter-data center optical interconnect, optical access network 
and front haul for 5G.  
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